Sintered lamellar soft magnetic composite (SL-SMC) is a promising material for power frequency applications and for all types of electric motors, including induction motors. Alumina coated Fe-3%Si particles cut from steel sheets offer both the advantages of standard laminated steel products, and of soft magnetic composites (SMC). As SMC's, this material can be shaped using standard near-net shape powder metallurgy (P/M) techniques, which represents a big advantage over coated laminated steel assemblies. Indeed, the P/M process, as compared to laminated steel assemblies, gives access to better design and improved motor assembling techniques, at lower production costs, by limiting machining and stamping. The unique structure of the SL-SMC offers better DC magnetic properties than standard SMC's, allowing them to cover a larger range of applications. However, there still remains work to be done in developing this new technology to its full potential, using low cost industrial techniques. This paper is divided into two main parts. The first is dedicated towards assessing the possibility of producing SL-SMC parts using an automatic industrial compaction press. The impact of two different lubrication systems, admixed solid lubricants and die wall lubrication, on the density and green strength of the motor parts, will be determined. Also, the process capability will be evaluated on the basis of "part to part" stability. The second section of this study will determine the impact of different processing parameters on the mechanical and magnetic properties of the Fe3%Si alloy. Results show that by carefully controlling heat treatment, very high maximum induction, low magnetic loss and good mechanical property, can all be reached in fabricated parts.
Introduction
The need for an efficient, low-cost, electric motor is increasing, as the demand for electric or hybrid vehicles increases to meet environmental demands. In current high performance electric motors, cut, Fe-Si laminated steel sheets are used. However, the high processing costs for thin laminated sheet production and assembly, together with their limiting 2D design, makes them targets for alternative technology. For at least the last 20 years, a new breed of materials, the soft magnetic composites (SMC), have emerged to challenge laminates in applications with AC magnetic fields. The SMC's are typically produced from pure iron powder particles, coated with an electrically insulating layer. They are shaped using the cost competitive near-net shaping powder metallurgy technologies. Due to the small particle size of the iron powder, and the distributed air gap, iron based SMC's provide the low Eddy Current Losses necessary for high frequency applications such as filters and power conversion applications1,2]. However, the low permeability of SMC's ( < 800) compared to laminated steel (>5000), limits their use in high power density electric motors.
The development of sintered lamellar soft magnetic composites (SL-SMC) aims to replace laminated electric steel parts by offering the design and processing advantages of powder metallurgy techniques, at the same time as providing magnetic performance significantly higher than standard SMC's. Indeed, using near-net shape technology can translate into reducing the weight, size and cost of electric motors as compared to those produced using laminated steels [3] . The SMC's cost advantage comes mainly from the reduction in materials wasted during processing; up to 50% of a steel sheet can be scrapped during the manufacturing process for laminated sheets, compared to only 5% for SMC powders [4] . The higher magnetic performance of sintered lamellar SMC's compared to standard SMC's is the result of many factors. Firstly, the performance of the base material itself, Fe-3%Si as compared to pure iron, leads to higher permeability and lower coercive fields, particularly in the oriented planar direction. The higher density of SL SMC that are hot forged to near full density (7.4 g/cm 3 ), as compared to standard SMC that typically reach densities up to 7.0 to 7.2 g/cm 3 , partly explains their higher performance [3] . Also, parts are sintered after shaping, thus increasing both mechanical strength and reducing hysteresis losses as compared to standard SMC's that are cured at lower temperatures. However, increasing density and the sintering of the parts could lead to unacceptable Eddy Current Losses. For this reason, the SL SMC are based on Fe-3%Si lamellar particles that have been pre-coated with an insulating layer of alumina. This layer remains coherent on the flat surfaces of the metal particles during the shaping process and during exposure to high sintering temperatures.
Sintered lamellar soft magnetic composites have been successfully produced at the laboratory scale level. Their complete production under industrial conditions is under development. This paper presents the feasibility to shape parts by compaction in an industrial press, followed by a forging step. The second part of this paper presents the mechanical and magnetic performances of these composites as a function of different processing parameters. These results are compared versus those associated with electrical laminated steels, and standard SMCs.
Experimental Procedures.
Material and Processing. The SL-SMC process diagram is presented in Figure 1 . Thus, 125µm-thick, Fe-3%Si, steel ribbons were coated at a speed of 20 cm/s by a continuously sprayed Sol-Gel polyvinyl alcohol solution. The thickness of the organo-ceramic coating was adjusted to be about 3 µm. Ribbons were then cut at a rate of 30 cm/s into 2 mm square lamellar particles, 125 microns thick. To improve the compaction process, commercially available lubricants were mixed in with the particles. For die wall lubrication, zinc stearate was also used. The three different part geometries used in this study were all pressed at a compacting pressure of 690 MPa. Prior to the final densification process, a heat treatment was used to prevent carbon contamination and to increase material green strength. The lubricant and the organic part of the coating were first burned off in air at 550°C. The parts were next pre-sintered at 900°C for 30 minutes in a 10%H 2 -90%Ar, reducing atmosphere. Final part geometries and density were obtained by hot forging (1000°C) under a protective gas flow (argon). Disulfide molybdenum lubricant was used on the tool surface during the forging step. A final annealing/sintering treatment at 1120°C for 30 minutes in a 10%H 2 -90%Ar, reducing atmosphere, was performed, so as to achieve high mechanical properties and low hysteresis losses. Indeed, this final treatment also reduces residual stresses and increases grain size, again lowering hysteresis losses. During all the different heat treatments, the heating and cooling rate were at 5°C/min.
Three different part geometries were produced during this study, as presented in Figure 2 . First, toroids (ring) were prepared for the magnetic characterization. Small rectangular blanks (31.8 × 12.7 × 6.4 mm), called transverse rupture strength specimens (TRS), were used to determine mechanical properties using a three-point bending test as described by MPIF standard 41 [5] . Finally 90 mm long rectangular parts with edges were used to verify the possibility of pressingcomplex shapes and also to verify "part to part" stability.
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Magnetic Characterization Procedure
Magnetic characterization was done on toroids with an outside diameter of 53.6 mm, an inside diameter of 40.6 mm and a height of 6.25 mm. DC and AC magnetic characterization was done on a KJS associates hysteresis graph (model ACT-500, SMT-500, 7385K Fluxmeter), according to ASTM standard A 773 [6] . For AC characterization, 250 turns of 24 AWG wire and 250 turns of 30 AWG wire were respectively used for the primary and the secondary windings, while 450 turns and 150 turns were used, respectively, for DC characterization.
Results and Discussion
Shaping Process. To prove the industrial potential of the SL-SMC technology, lamellar particles have to be easily put into shape. One hundred long rectangular parts (see Fig.2 ), weighing 120g each, were pressed using an especially designed feeding device that enables continuous filling at a speed rate of 5 parts per minute. Figure 3 compares part to part weight consistency and shows that the average weight was 119.75 g with a standard deviation lower than 0.5%. This value is particularly impressive, since it is similar to what can be expected for free flowing conventional ferrous powders. The focus was more directed toward weight than height stability since green parts are to be hot-forged at full density in another die set to obtained final part shape.
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Figure 3. Part weight repeatability on an industrial press at a rate of 5 strokes per minute
A forging step is next needed to achieve high density with the Fe-3%Si alloy, since this alloy possesses lower compressibility than pure iron. Figure 4 compares the microstructure before, and after, hot forging. It clearly shows that air gaps, or porosity, are nearly completely removed after forging. Magnetic properties. One way to improve the final properties of soft magnetic materials is to use an annealing treatment after the final forming step. In this study, the annealing step serves two main purposes; it reduces hysteresis losses and increases mechanical properties. The temperature of the final heat treatment must be optimized to obtain the best properties for a given application. The effect of the temperature of the post forging heat treatment on the magnetic properties, are presented in Table 1 . The DC properties are clearly increased when a higher temperature is used. First, the coercive field, and hence the hysteresis loss, is reduced by increasing the grain size and by removing contamination (mainly carbon). Second, the annealing temperature is high enough to induce sintering of the material. This helps to form metallic bonds between the lamellar particles, and eliminates demagnetizing fields which, in turn, increases permeability [7] . When increasing the post forging annealing temperature from 850°C to 1120°C, the reduction in hysteresis losses translates into an improvement of the AC losses at 60 and also 400 Hz. However when the temperature is increased (1250°C), a steep increase in losses is observed. This is probably due to excessive sintering between edges of particles, which increases Eddy Current Losses. The best annealing temperature seems to be close to 1120°C, in order to reach a good compromise between high DC properties and low magnetic losses. For applications where very low magnetic losses are needed, a higher resistivity Fe-3%Si alloy (HR) was also developed. Table 2 compares two SL-SMC materials annealed at 1120°C, against a commercial SMC designed for motor applications [8] . Also added to the Table is the mechanical properties obtained on the TRS specimens. This Table clearly illustrates the potential of SL-SMC. Finally, Figure 5 compares the permeability curves (B-H) of the Fe-3%Si material annealed at 850°C, to that of laminated steel and a standard powdered SMC's [9] . These results show that SL-SMC can give high induction (high torque) in electrical machines, even at low applied current.
All results presented in this section point out that SL-SMC can be used instead of standard powder SMC in new innovative 3D designs, but also suggest it can also be used as a direct replacement to standard laminations. Furthermore when considering the good B-H behavior with the very good AC losses of the HR-Fe-3%Si, it could even be possible to open up new applications regions for SL-SMC. Figure 5 . B-H curves of SL-SMC compared to laminated steel and SMC [9] 
Conclusions
In this study, the shaping and magnetic properties of sintered lamellar soft magnetic materials were evaluated. The main conclusions are as follows:
• Complex parts can be industrially compacted at a rate of 5 parts per minute, with similar part to part stability, so long as an adequate feeding system is used.
• The mechanical properties are higher than resin-bonded, cured, standard SMC's due to particle edge sintering.
• The DC magnetic properties of SL-SMC lie between SMC and laminated steel values.
• The final annealing temperature has a lot of influence on the final magnetic properties; when the temperature increases, DC properties are improved but Eddy Current Losses are higher. Annealing at 1120°C seems to be the best compromise between AC and DC properties.
• The high resistivity Fe-3%Si material SL-SMC has a lower AC loss than the standard SMC material, even at high frequency, while maintaining its higher DC properties.
This paper clearly proves the potential of SL-SMC. Now current project aims at producing series of parts that will be tested in an electric motor and compared with conventional components.
